INTRODUCTION
============

Ion channels regulate membrane potential by mediating the permeation of specific ion species via their transmembrane pore with gating. Gating behavior is regulated by a range of factors, including membrane voltage, membrane tension, and the binding of ligands ([@R1], [@R2]). The inappropriate permeation of ions (due to errors in the gating of these channels) can lead to dysregulation of the membrane potential, resulting in critical dysfunction of cells (e.g., Long-QT syndrome, Bartter syndrome, and periodic paralysis) ([@R3]).

Channel blockers are important ligands that hamper ion channel function. Scorpion venom is a cocktail of many ion channel blockers ([@R4]--[@R6]), and approximately 250 ligands with affinities to K^+^ channels have been identified across several species of scorpions ([@R7]--[@R9]). Agitoxins (AgTx) are peptides found in *Leiurus quinquestriatus* var. *hebraeus* venom, which act as potent and selective blockers of the Shaker-type voltage-gated Kv1.3 and Kv1.1 channels ([@R10]). Agitoxin-2 (AgTx2; 38 amino acid residues; [Fig. 1A](#F1){ref-type="fig"}) is a most studied AgTx that binds to the extracellular vestibule of the Shaker-related K^+^ channels through a combination of electrostatic, hydrogen bonding, and hydrophobic interactions ([@R11], [@R12]) and blocks ion permeation through the channel, causing many physiological dysfunctions.

![Schematic illustrations and AFM imaging of AgTx2 binding to the extracellular surface of the KcsA channel.\
(**A**) X-ray crystallographic structure of the KcsA channel \[Protein Data Bank (PDB) ID: 1K4C\] ([@R14]) and solution structure of AgTx2 obtained by NMR (1AGT) ([@R15]). Gray dots are K^+^ ions. Only two diagonal subunits of the tetrameric channel are shown. The side chain of the K27 residue on AgTx2 is shown as a stick structure. (**B**) Arrangements of the reconstituted channel with (right) or without (left) AgTx2 on the substrate. (**C**) Typical AFM images of the channel with (right) or without (left) AgTx2. The KcsA channel is reconstituted in the DMPC bilayer. The AgTx2 is added to an imaging buffer. Height profiles along the white dotted lines in the AFM images are shown below the images. The background illustration behind the height profiles indicates the corresponding structures of the channel and AgTx2. The binding model (model II) ([@R12]) was downloaded from B. Roux's web page (<http://thallium.bsd.uchicago.edu/RouxLab/sub/gallery/agtx_shaker.html>). Imaged samples were in 10 mM Hepes (pH 7.5) containing 200 mM KCl and 20 nM AgTx2. Scale bars, 2 nm. *Z* scale, 15 Å.](aax0495-F1){#F1}

The KcsA channel is a prototypical bacterial channel and a Shaker-related K^+^ channel as well as K~v~1.1 and K~v~1.3 ([@R13], [@R14]). Purification of the recombinant KcsA channel is easier than K~v~1.1 and K~v~1.3 itself, and thus, KcsA is widely used as a model of the Shaker-related K^+^ channel. A high-resolution crystallographic structure of the KcsA is available ([@R14]), facilitating understanding of the structure-function relationship of K^+^ channels. The KcsA channel has been used to mimic the AgTx2-binding site of the Shaker K^+^ channel and its mammalian homolog by introducing triple mutations (Q58A, T61S, and R64D) ([@R11]).

Nuclear magnetic resonance (NMR) spectroscopy has revealed the solution structure of AgTx2 ([@R15], [@R16]). Eriksson and Roux ([@R12]) generated docking structures of AgTx2 and a modeled Shaker K^+^ channel using the structure of AgTx2. The authors reported that the F25 side chain of AgTx2 often changes its orientation angle relative to the body of the AgTx2 molecule in the docked structures and claimed that this structural change in the toxin suggests the presence of an "induced-fit" mechanism. The induced-fit mechanism is an important concept used to describe ligands binding to biological molecules. The interaction between AgTx2 molecules and an external channel surface provides an intriguing opportunity to examine whether the concept of the induced-fit mechanism is applicable. In the induced-fit model, a receptor molecule undergoes conformational changes after ligand binding, leading to a higher affinity for the ligand. Eriksson and Roux measured changes in the AgTx2 structure (AgTx2 was near the channel for \~3 ns), but the simulation time was not sufficient to detect conformational changes of the relevant part of the channel after AgTx2 binding. Thus, the proposed induced-fit mechanism upon AgTx2 binding to potassium channels remains elusive. Besides the induced fit, conformational selection has been proposed as a complicated binding mechanism. With conformational selection, the receptor molecule undergoes transitions between two conformational states with high and low ligand affinity, even in the absence of ligands, and the ligand preferentially binds to the high-affinity receptor. In contrast to simple two-state dynamics of ligand binding, the induced-fit and conformational selection mechanisms indicate advanced binding dynamics of biological molecules ([@R17]--[@R24]) and provide opportunities for fine-tuning ligand binding in various physiological functions. Thus, the molecular mechanisms underlying these concepts need to be examined by dynamic experimental and analytical methods.

Basically, both the conformational selection and induced-fit mechanisms can be described by a four-state model ([@R17]), in which the receptor has two distinct conformational states, having high and low ligand affinity ([@R24]). To investigate such binding dynamics, including binding to the receptor and dissociation into aqueous solution, a large amount of statistics from long-duration measurements are needed. Distinguishing such dynamics using conventional macroscopic measurements, such as biochemical binding assays, is technically difficult. For example, identifying transient states, such as a low-affinity binding state during the induced-fit pathway, might be a key to understanding the dynamics of binding; however, such a transient state is easily hidden in a large ensemble of other states and often exists as a small fraction in the whole system because the macroscopic measurements are unsynchronized. To identify whether the transient state is a ligand-bound state, an understanding of the binding dynamics, including the transient state at the nanoscopic or single-molecule level, is critically important.

To capture the microscopic dynamics of binding, single-molecule observation is an attractive technique for investigating not only the macroscopic affinity, measured as the dissociation constant (*K*~d~), but also the rate constants (*k*~ass~ and *k*~diss~) at the single-molecule level. However, even with single-channel current recordings ([@R25]), distinguishing the dynamics of channel gating from the binding of a channel blocker needs elaborated analyses. Fluorescence measurements are also used for studying single-molecule binding dynamics ([@R26]--[@R29]), but molecules of interest must be labeled with fluorophores that might disrupt the intrinsic interactions between those molecules and the channel. By contrast, high-speed atomic force microscopy (HS-AFM) can image the surface structure of nonlabeled biomolecules in a solution with high spatiotemporal resolution (horizontal, \~1 nm; vertical, 0.1 nm; temporal, \~10 fps) ([@R30], [@R31]). Therefore, various biological events have been successfully imaged by HS-AFM ([@R32]), e.g., structural changes in soluble and membrane proteins ([@R33]--[@R38]) and binding dynamics of soluble proteins ([@R39], [@R40]). Furthermore, HS-AFM imaging can be used to analyze binding dynamics of ligands even if channels are fully closed and enables us to investigate cooperativity among channels. These are some of the advantages of using HS-AFM over single-channel current recordings. Consequently, HS-AFM represents a powerful tool for studying channel-ligand interactions.

In this study, we observed binding dynamics of AgTx2 to a K^+^ channel using HS-AFM and examined the single-molecule dynamics using a recently developed analytical method. Visualization of discrete ligand binding and unbinding events using HS-AFM allowed detection of hidden underlying processes of the channel after toxin binding or unbinding. We conclude that the induced-fit pathway contributes to the efficient AgTx2 binding to the KcsA channel, and the structural relevance of the induced-fit mechanism is discussed.

RESULTS
=======

HS-AFM captures the single-molecule dynamics of the binding of AgTx2 to the K^+^ channel
----------------------------------------------------------------------------------------

AgTx2 binds to the extracellular surface of the channel ([Fig. 1A](#F1){ref-type="fig"}) through electrostatic and hydrophobic interactions ([@R12], [@R16], [@R41]). To observe the dynamic AgTx2 binding on the KcsA channel by HS-AFM, we reconstituted the KcsA channel into a 1,2-dimyristoyl-*sn*-glycero-3-phosphocholine (DMPC) bilayer on a mica surface with its toxin-binding surface upward using a previously developed method ([@R41]). To suppress lateral diffusion of the channel in the membrane, we attached channels with a His-tag on the mica substrate via Ni^2+^--His-tag interactions ([Fig. 1B](#F1){ref-type="fig"}). Since AgTx2 was added to the imaging buffer, it could bind to and dissociate from the channel during HS-AFM imaging. We supposed that the binding of AgTx2 to the channel elevates the apparent height of the channel by \~1.0 nm, as illustrated in [Fig. 1B](#F1){ref-type="fig"}, because of the diameter of AgTx2.

Typical HS-AFM images of the reconstituted KcsA channels, in the presence of AgTx2 in buffer solution, showed two different features ([Fig. 1C](#F1){ref-type="fig"}). The KcsA channel forms a homotetrameric oligomer ([@R1]), and the AFM images, while AgTx2 dissociates, showed four particles aligned as a square ([Fig. 1C](#F1){ref-type="fig"}, top left). From the height profile of the AFM image along the extracellular channel surface ([Fig. 1C](#F1){ref-type="fig"}, bottom), the distance between the tops of two diagonal subunits was 3.6 nm, which is in good agreement with the x-ray crystallographic structure of the channel (1K4C, the distance between two diagonal P55 is 3.6 nm) ([@R14]). The extracellular vestibule was concave \~0.5 nm from the top of the subunits. When AgTx2 bound to the extracellular vestibule of the channel, the channel-ligand complex surface appeared to be convex ([Fig. 1C](#F1){ref-type="fig"}, top right) and 1.3 nm higher at the center of the channel than in the unbound state ([Fig. 1C](#F1){ref-type="fig"}, bottom).

To analyze the binding dynamics quantitatively, we collected AFM movies showing repeated transitions of the AgTx2-unbound to AgTx2-bound state and its reverse. During continuous imaging in AgTx2-containing buffer, the channels repeatedly showed two distinct forms ([Fig. 2A](#F2){ref-type="fig"}, top). One was a concave vestibule, and the other had a convex surface (white arrowheads), as described in the former section. To facilitate analysis, we transformed the binding transitions from a time series of two-dimensional (2D) images to simple 1D data. We collected time courses of averaged height around the center of the AgTx2-bound or AgTx2-unbound surface of the channels *h*(*t*) ([Fig. 2A](#F2){ref-type="fig"}, bottom). The time course of *h*(*t*) showed binary transitions with a height difference of approximately 0.6 nm. \[In the former section, we mentioned that the height change at the center of the channel upon AgTx2 binding was 1.3 nm ([Fig. 1C](#F1){ref-type="fig"}). The smaller averaged height change upon AgTx2 binding ([Fig. 2A](#F2){ref-type="fig"}) was due to the curved surface of the channel and AgTx2.\] Thus, we concluded that these successive images and the distinct height changes demonstrated repeated AgTx2 binding to and dissociation from the channel. Other examples of binding transitions for 10 to 1000 nM AgTx2 are shown in fig. S1.

![HS-AFM captured AgTx2 binding to the channel with single-molecule resolution.\
(**A**) Time-lapse images of AgTx2 binding to and dissociation from the KcsA channels (top; see also movie S1) and time courses of the averaged height *h* (nm) around the center of the extracellular surface (0.8 nm by 0.8 nm area) of two corresponding K^+^ channels (bottom). White dotted squares represent regions of interest for visualization of the tetrameric channels. Spontaneous AgTx2 bindings on the channels are indicated by white arrowheads (top). These two channels showed discrete changes in the *h* (nm), representing bound and unbound states of the channels (bottom). The bathing electrolyte solution contains 10 mM Hepes (pH 7.5) and 100 mM KCl. The scale bar in the first AFM image represents 5 nm. (**B**) Height histograms at 10, 20, 100, and 1000 nM AgTx2. The height of the extracellular surface of the AgTx2-unbound channel was set to 0 nm. Height transitions used in the histograms were measured in 10 mM Hepes (pH 7.5) containing 200 mM KCl. The number of data frames used for the histograms were 8604, 250,846, 33,701 and 35,453 for 10, 20, 100, and 1000 nM AgTx2, respectively.](aax0495-F2){#F2}

We analyzed the AgTx2 concentration dependency of the state distributions using height transitions ([Fig. 2B](#F2){ref-type="fig"}). At 10 nM AgTx2, the histogram showed a single distribution with a peak at 0 nm, whereas at 20 and 100 nM AgTx2, the distribution was bimodal with two peaks at 0 and 0.6 nm. At a higher concentration, 1000 nM AgTx2 produces a single distribution centered at 0.6 nm. Here, the AgTx2-bound and AgTx2-unbound states were defined as *h* \> 0.25 and *h* ≤ 0.25 nm, respectively. The probability of the AgTx2-bound state of the channel (*P*~bound~) was calculated as *P*~bound~ = *A*~bound~/(*A*~bound~ + *A*~unbound~), where *A*~bound~ and *A*~unbound~ are the total time of the peaks above and below the threshold value (*h* = 0.25 nm), respectively. The *P*~bound~ values were 0.04, 0.16, 0.50, and 0.96 at AgTx2 concentrations of 10, 20, 100, and 1000 nM, respectively, indicating a *K*~d~ value of 100 nM. This *K*~d~ value is comparable to the previously reported *K*~d~ value using macroscopic measurements ([@R11]).

The K^+^ channel changes its affinity to AgTx2 after binding: A four-state binding model
----------------------------------------------------------------------------------------

To address whether the binding dynamics could be described by a simple two-state model comprising the AgTx2-bound and AgTx2-unbound states, we performed event-oriented analysis of the binding dynamics ([@R42], [@R43]). The time-course analysis of the height changes suggested two transitions: from AgTx2-bound to AgTx2-unbound and from AgTx2-unbound to AgTx2-bound. We refer to these transitions as "events." In the event-oriented analysis, the height transition traces were synchronized at either the binding or the dissociation instance (event) ([Fig. 3, B and C](#F3){ref-type="fig"}). Ensemble averaging of these traces reveals the time course of the binding probability, *P*~bound~(Δ*t*), as a function of time measured from the moment of the event when *t*~persist~ is 0 s (see below for the definition of *t*~persist~) ([@R42], [@R43]).

![Event-oriented analysis of AgTx2 binding.\
(**A**) Representative data of height transitions and definitions for the event-oriented analysis. The AgTx2-bound and AgTx2-unbound states are indicated by white and black arrowheads, respectively. Red and blue arrowheads indicate binding and dissociation events, respectively. For an arbitrary dissociation event (blue arrowhead), *t*~persist~ was defined from the instance of dissociation (blue). The time origin of Δ*t* was the end of *t*~persist~. The time variable definitions are the same as for the binding event (red arrowhead). (**B** and **C**) A representative dataset and the event-oriented analysis. The AgTx2-bound and AgTx2-unbound states are indicated by white and black arrowheads, respectively. All dissociation events were detected from the long-lasting height transition data, and strips of data before and after the event were collected and aligned at the dissociation events (Δ*t* = 0) (blue arrowhead). Five examples are shown. For *t*~persist~ = 0 s (B), all the strips were ensemble-averaged, providing *P*~bound~(Δ*t*) for *t*~persist~ = 0 s. For *t*~persist~ = 1 s (C), strips of data persisting in the unbound state longer than *t*~persist~ after the dissociation event were used for ensemble averaging. (**D**) Time course of the binding probability after dissociation. *P*~bound~(Δ*t*) for different *t*~persist~ values ranging from immediately after dissociation (*t*~persist~ = 0 s) to 1 s from dissociation (*t*~persist~ = 1 s) are shown as a function of Δ*t* measured from the end of *t*~persist~. As *t*~persist~ increased, the time course of *P*~bound~(Δ*t*) could be expressed by a single-exponential function. (**E**) Time course of the binding probability after binding. *P*~bound~(Δ*t*) for different *t*~persist~ values from immediately after binding (*t*~persist~ = 0 s) to 1 s (*t*~persist~ = 1 s) after binding are shown. The binding transitions were measured in 10 mM Hepes (pH 7.5) containing 200 mM KCl and 20 nM AgTx2.](aax0495-F3){#F3}

If the binding dynamics are described by a simple two-state model involving the AgTx2-bound and AgTx2-unbound states, *P*~bound~ exponentially increases from 0 to equilibrium *P*~bound~ (0.16 for 20 nM AgTx2 condition) with the passage of time from immediately after the dissociation (*t*~persist~ = 0 s). *P*~bound~(Δ*t*) did not follow a single-exponential curve ([Fig. 3D](#F3){ref-type="fig"}, blue line). *P*~bound~ between 0 and 5 s after the dissociation event was greater than the equilibrium *P*~bound~ (0.16), indicating that the affinity of the channel for AgTx2 immediately after dissociation was greater than the equilibrium state of the channel. Thus, the channel-ligand system must have more than two states (i.e., more than only the AgTx2-bound and AgTx2-unbound states) in the system.

To analyze the complicated binding dynamics in greater detail, we introduce the time after the dissociation event that is spent in the unbound or bound state persistently and without transitions (persistent time or *t*~persist~) ([Fig. 3A](#F3){ref-type="fig"}). In the event-oriented analysis, the height transition traces remaining in the unbound state for longer than *t*~persist~ were collected and ensemble-averaged ([Fig. 3, B and C](#F3){ref-type="fig"}), and the time course of *P*~bound~ was expressed as a function of time (Δ*t*) measured from the end of *t*~persist~ ([Fig. 3, D and E](#F3){ref-type="fig"}). This analysis reveals whether the affinity of the channel for AgTx2 changed during the persistent time that elapsed from the dissociation event. We assigned *t*~persist~ values of up to 1 s ([Fig. 3A](#F3){ref-type="fig"}) and analyzed the dependence of *P*~bound~(Δ*t*) on variations of *t*~persist~ ([Fig. 3D](#F3){ref-type="fig"}, gray lines). We found that if *t*~persist~ \< 0.1 s, the probability of binding rapidly increased, meaning that the affinity of the channel for AgTx2 remained high after dissociation of AgTx2. By contrast, when *t*~persist~ = 0.5 s, the shape of *P*~bound~(Δ*t*) was almost the same as that of *t*~persist~ = 1.0 s, and *P*~bound~(Δ*t*) became an almost single-exponential curve if *t*~persist~ \> 1 s ([Fig. 3D](#F3){ref-type="fig"}, lightest gray line). These results suggest that the affinity of the channel decreases during persistent dissociation.

Similarly, we performed the event-oriented analysis immediately after the binding event ([Fig. 3E](#F3){ref-type="fig"}). At *t*~persist~ \< 0.1 s, *P*~bound~ very rapidly decreased from 1 upon binding, reaching an equilibrium *P*~bound~ over time. This finding demonstrates that the affinity of the channel was still low if AgTx2 bound to the channel for a short period. A longer *t*~persist~ resulted in a greater *P*~bound~(Δ*t*) ([Fig. 3E](#F3){ref-type="fig"}, red line), indicating that the affinity of the channel to AgTx2 was greater during persistent binding. Thus, persistent binding of AgTx2 increased the affinity of the channel.

Overall, the event-oriented analysis showed that the affinity of the channel for AgTx2 increased during persistent binding and decreased during persistent dissociation, indicating that the binding model could not be described by the simple two-state (AgTx2-bound and AgTx2-unbound) model. Instead, to explain the binding dynamics, a plausible binding model should contain at least two conformational states of the channel with different affinities to AgTx2. In addition, there are AgTx2-bound and AgTx2-unbound states for each conformational state of the channel.

The event-oriented analysis strongly suggests that the K^+^ channel adopts at least four states with high and low affinities for AgTx2 ([Fig. 4A](#F4){ref-type="fig"}). A four-state model involves two conformational states of the channel with high and low affinity to AgTx2 (C~H~ and C~L~, respectively) and AgTx2-bound states for each conformation (C~H~Tx and C~L~Tx). Furthermore, we confirmed that both the bound and unbound states do not have more than two states by analyzing their dwell time distributions (fig. S2, A and B), indicating that the binding dynamics are well described by a four-state model. Therefore, we calculated the rate constants using a four-state model. The time courses of *P*~bound~ calculated by using the optimized rate constants are almost the same as the measured lines (fig. S2, C and D), indicating that the four-state model sufficiently reproduces the transition dynamics. To confirm whether the rate constants were reliable, we further calculated *P*~bound~ using the four-state model and compared it with the experimental *P*~bound~ values for AgTx2 in the AgTx2 concentration range from 10 to 1000 nM. As shown in [Fig. 4B](#F4){ref-type="fig"} (black and white circles), the calculated *P*~bound~ values accurately reproduced the experimental *P*~bound~. Furthermore, the binding transitions were also reproduced by the rate constants ([Fig. 4C](#F4){ref-type="fig"}); the experimental and simulated binding transitions showed a similar pattern for various concentrations of AgTx2 (10, 20, 100, and 100 nM from the top to the bottom traces in [Fig. 4C](#F4){ref-type="fig"}). Additional examples of binding transitions are shown in the Supplementary Materials (fig. S3). From these results, the four-state model and rate constants were consistent with the experimental data.

![The four-state binding model includes high- and low-affinity channels.\
(**A**) The four-state model with high and low affinity of AgTx2 binding. The optimized rate constants are shown. (**B**) The binding probability *P*~bound~ evaluated by experimental and theoretical calculations using the four-state model. The experimental *P*~bound~ values were calculated from the height histograms in [Fig. 2B](#F2){ref-type="fig"}. (**C**) Binding transitions obtained by HS-AFM imaging and simulation. The rate constants as shown in (A) were used for the simulation at 10, 20, 100, and 1000 nM AgTx2 (top to bottom). White and black arrowheads indicate the AgTx2-bound and AgTx2-unbound states of the channel, respectively. Red and blue points indicate the high- and low-affinity states of channel, respectively. The sampling rate for the simulation of the binding transitions was 10 Hz. (**D**) The percentage of high-affinity channels (C~H~ and C~H~Tx) in the whole system calculated by kinetic model. (**E**) The percentage of the induced-fit pathway over the total (induced fit and conformational selection) pathway for binding. The preference was calculated by using the kinetic model.](aax0495-F4){#F4}

In the simulated binding transitions (lower plot in [Fig. 4C](#F4){ref-type="fig"}), we can discriminate the high-affinity from the low-affinity states and elucidate that the fraction of the high-affinity states increased with an increasing AgTx2 concentration ([Fig. 4D](#F4){ref-type="fig"}). The fractions of the high-affinity channel ([Fig. 4D](#F4){ref-type="fig"}) were quite similar to those of the experimental and simulated *P*~bound~ ([Fig. 4B](#F4){ref-type="fig"}), indicating that most of the AgTx2-bound state was a high-affinity state (C~H~Tx). The AgTx2-bound low-affinity state (C~L~Tx) and AgTx2-unbound high-affinity state (C~H~Tx) appeared intermittently ([Fig. 4C](#F4){ref-type="fig"}, bottom plot).

In our four-state model ([Fig. 4A](#F4){ref-type="fig"}), if AgTx2 was bound to the channel, then the rate of change from the low- to high-affinity channels (C~L~Tx to C~H~Tx) occurred 400 times faster than without AgTx2 binding (C~L~ to C~H~), indicating that the binding of AgTx2 induced a change in channel affinity from low to high during binding. This change in affinity was probably related to the change in channel structure, as discussed later.

Induced fit is the dominant pathway of AgTx2 binding
----------------------------------------------------

Generally, there are two pathways of ligand-receptor binding that account for affinity changes: conformational selection and induced fit ([@R17]--[@R21], [@R23], [@R44]). For conformational selection, the receptor presents different structures with different affinities to the ligand without binding of the ligand, and the ligand preferentially binds to the high-affinity state of the receptor (C~L~ ↔ C~H~ ↔ C~H~Tx). By contrast, in the induced-fit pathway, the receptor adopts a low-affinity state before the ligand binds and changes its structure to the high-affinity state during ligand binding (C~L~ ↔ C~L~Tx ↔ C~H~Tx). It is generally difficult to distinguish these two pathways by macroscopic analyses. Here, we obtained a relevant four-state model ([Fig. 4A](#F4){ref-type="fig"}) deduced from single-molecule AFM measurements, which enabled us to distinguish the dominant binding pathway.

To determine the dominant binding pathway of AgTx2 at the K^+^ channel, we calculated the fraction of the induced-fit pathway over the total (conformational selection plus induced-fit pathways) using the rate constants via the following equation: *k*~34~*P*~3~/(*k*~34~*P*~3~ + *k*~12~*P*~1~) (see Materials and Methods for their definitions) ([@R45]). Although the fraction was slightly affected by the AgTx2 concentration, almost all the binding events occurred via the induced-fit pathway ([Fig. 4E](#F4){ref-type="fig"}), indicating that the dynamics of binding between the K^+^ channel and AgTx2 could be described by this mechanism. We also confirmed this by calculating the AgTx2 concentration dependency of *k*~obs~ (fig. S4). Our single-molecule study revealed that the induced-fit pathway almost exclusively describes AgTx2-KcsA binding.

Noninactivating channels are always in a state of high affinity for AgTx2
-------------------------------------------------------------------------

According to previous structural investigations of the binding of AgTx2 to the KcsA channel ([@R11], [@R12], [@R16]), the side chain of AgTx2 residue K27, which is highly conserved across the scorpion toxin families, interacts with the selectivity filter (around sites known as S4 and S5) of the channel. It is known that the structure in the selectivity filter region adopts at least two conformational states: the straight (conductive) form ([@R14]) and the bending (collapsed, inactivated) ([@R46]) form of the filter ([Fig. 5A](#F5){ref-type="fig"}). Lange *et al.* ([@R47], [@R48]) have reported that the scorpion toxin kaliotoxin (KTX), which also has K27, induces the conformational change in the selectivity filter of the KcsA-Kv1.3 chimera channel from the inactivated to the conductive form. This phenomenon suggests that the induced-fit dynamics observed here were closely related to the structural change around the selectivity filter.

![Binding dynamics of the noninactivating channel.\
(**A**) Side view of the KcsA channel and enlarged view of the selectivity filter region with the conductive state (PDB ID: 1K4C) and the collapsed state (1K4D). (**B**) Height transitions of the E71A and WT channels upon AgTx2 binding. White and black arrowheads indicate the AgTx2-bound and AgTx2-unbound states of the channels, respectively. The noninactivating mutant (E71A) showed markedly high affinity to AgTx2 compared with WT. The binding probabilities of AgTx2 to the E71A mutant obtained by HS-AFM imaging and simulation with only the high-affinity channel are plotted in [Fig. 4B](#F4){ref-type="fig"}. (**C** and **D**) Time course of *P*~bound~ immediately after or for a persistence of up to 1 or 0.3 s from the dissociation (C) and the binding (D) events. Δ*t* is the time elapsed from the end of *t*~persist~. The height transitions used in this analysis were measured in 10 mM Hepes (pH 7.5) containing 200 mM KCl and 20 nM AgTx2.](aax0495-F5){#F5}

To investigate the effect of the structure around the selectivity filter on AgTx2 binding, we also observed the E71A mutant. (The KcsA channel with Q58A/T61S/R64D mutations, which has been described thus far, is referred to as "WT" hereafter for simplicity.) Because the E71A mutation stabilizes the conductive form ([@R49], [@R50]), the E71A mutant is known as a noninactivating mutant. In addition, the side chain of D80 usually orients inside the channel, but in the case of the E71A mutant, the carboxylate side chain of D80 is flipped out to the extracellular surface of the channel ([@R49], [@R50]). [Figure 5B](#F5){ref-type="fig"} shows the height transitions of the E71A and WT channels upon AgTx2 binding. The E71A mutant readily bound to AgTx2---the experimental *P*~bound~ value was 0.94 for the E71A mutant, which is six times greater than that of the WT ([Fig. 4B](#F4){ref-type="fig"}). The theoretical *P*~bound~ value, calculated with only the AgTx2-bound and AgTx2-unbound states of the high-affinity channel (C~H~ and C~H~Tx), was 0.97 at 100 nM AgTx2, which was almost the same as the experimental *P*~bound~ of E71A. These results support the idea that the conductive form of the selectivity filter corresponds to the high-affinity state.

If the noninactivating channel always adopts the high-affinity state, the induced-fit dynamics will be diminished. We examined whether the affinity change after binding and dissociation events diminish using event-oriented analysis ([Fig. 5, C and D](#F5){ref-type="fig"}). The persistence time from binding and dissociation events had almost no effect on *P*~bound~(Δ*t*), indicating that the binding dynamics of the E71A mutant were mostly described by a two-state (AgTx2-bound and AgTx2-unbound) model; thus, the affinity change was not required to explain the dynamics. These results suggest that the noninactivating channel is always in a high-affinity state for AgTx2, inferring that the conductive state of the selectivity filter corresponds to the high-affinity state of the channel.

DISCUSSION
==========

We successfully observed the dynamics of binding of AgTx2 to a K^+^ channel by HS-AFM. Single-molecule analysis indicated that the AgTx2 increases the affinity of the K^+^ channel to AgTx2 as binding persists, and conversely, the affinity decreases after AgTx2 leaves the channel. A four-state model, including high- and low-affinity states of the channel, explained the experimental data. The induced-fit pathway is the almost-exclusive mode for the binding dynamics of AgTx2. On the other hand, the noninactivating channel always showed high affinity for AgTx2, implying that the AgTx2-induced affinity change corresponded to structural changes around the selectivity filter.

HS-AFM observations revealed the induced-fit dynamics upon AgTx2 binding ([Fig. 3](#F3){ref-type="fig"}), which are tightly coupled to the structural state of the selectivity filter of the channel ([Fig. 5](#F5){ref-type="fig"}). This induced fit might be similar to KTX ([@R47]), and the conductive state of the selectivity filter corresponds to the high-affinity state. One possible explanation for our observations is that D80 of the channel flips out to face R24 of the AgTx2 during induced fit, and the flipped structure corresponds to the high-affinity state. If D80 is flipped, the distance between D80 of the channel and R24 of AgTx2 becomes shorter (\~0.5 nm), and the two residues can readily bind. Using the event-oriented analysis, a calculation of Boltzmann's *H* function, showing the change of entropy over time, showed that the binding process is mainly driven by energetic forces (fig. S5), confirming this idea.

Another possible explanation for the structural change upon induced fit is that the channel loses fourfold symmetry upon binding of the asymmetric AgTx2 molecule. Bhate and McDermott ([@R50]) reported that the E71A mutation increases the structural disorder of the selectivity filter. This finding indicates that the structures around the selectivity filter of the E71A mutant readily lose the fourfold symmetry. The induced fit from the low- to high-affinity states takes approximately 260 ms ([Fig. 4A](#F4){ref-type="fig"}), indicating that the structural change is not very fast. This change might occur not only within a small space (around only the selectivity filter) but also within a large space (loosening the fourfold symmetry of the channel) during AgTx2 binding. If a very long molecular dynamics (MD) simulation can be carried out in the future, we could confirm whether these dynamics occur upon AgTx2 binding.

We also observed dynamic disorder in the system ([@R51], [@R52]) (movie S2 and fig. S6). The *P*~bound~ of some channels changed over time; for example, *P*~bound~ of channel **a** in fig. S6 changed markedly at 60 and 100 s, and that of channel **f** changed at 100 s. These transitions were not observed frequently, implying that the time constants of such transitions appear to be longer than the observation time and are difficult to estimate. These transitions remind us of the mode switch of the KcsA channel, in which channel gating spontaneously turns to different modes with high and low open probability ([@R53]), while transition rates between the modes remain elusive. Accordingly, the individual *P*~bound~ values for each channel have a distribution (fig. S6). This phenomenon indicates that rate constants differ among channels and also change in time even for each channel. In this study, there was no obvious correlation between the interchannel distance and individual *P*~bound~ value (fig. S6). It would be very interesting in further analyses to clarify the structural states that affect the fluctuation of reaction rates and individual *P*~bound~ values. Note that the rate constants that we obtained correspond to the time-averaged values.

We revealed that the induced-fit pathway is dominant in the AgTx2-KcsA system. Physiological implications of the induced-fit mechanism include potentially enhanced fidelity of molecular recognition. Moreover, the channel affinity remained high for a while after unbinding. This "memory" may create spatial inhomogeneity of channels. Such sophisticated spatial correlation of toxin binding to channels is a future issue to be examined with HS-AFM.

Our strategy to evaluate the rate constants was to use the event-oriented analysis that we developed recently ([@R42], [@R43]). This analysis is easily applied to the time-series data obtained by single-molecule observations. In addition, this method can be used to estimate rate constants with approximately 10 times fewer data than the dwell time analysis and with similar or somewhat more statistics compared to the correlation function (fig. S7). Moreover, the event-oriented analysis has two advantages over analysis based on the correlation function: (i) this analysis is very intuitive and should be familiar to researchers, since time-dependent quantities from a certain stimulus (event), such as temperature jump or light emission, are usually measured in experiments and (ii) it is easy to introduce a persistent time from the event (*t*~persist~) or to compare the results to other events ([@R42]), which enables us to investigate the effect of such an event on the dynamics. The event-oriented analysis is applicable for time-series data obtained by any measurement method, but the current time resolution of the event-oriented analysis using HS-AFM data is limited by the sampling rate of HS-AFM (10 fps). Further improvement of HS-AFM instruments to achieve better time resolution would expand the application of event-oriented analysis to analyzing faster biological dynamics.

In this paper, we demonstrate that single-molecule HS-AFM can be used not only as a visualization tool for single-molecule events but also as an advanced analytic tool. Recently, HS-AFM machines have become more popular, and the stochastic analysis (event-oriented analysis) carried out in this study can thus be widely applicable to various types of biological molecules. We believe that our study can facilitate studies of the binding dynamics of a wide variety of biological molecules, including antigen-antibody, ligand-receptor, and DNA-modifier protein interactions by HS-AFM.

MATERIALS AND METHODS
=====================

Materials
---------

The KcsA channel was expressed in *Escherichia coli* BL21(DE3)pLysS cells, solubilized with *n*-dodecyl β-[d]{.smallcaps}-maltopyranoside (DDM; Dojindo), and purified as previously described ([@R54]). We genetically deleted the cytoplasmic domain (126 to 160) to reduce lateral fluctuation of the channel on the AFM substrate. To mimic the toxin-binding surface of the Shaker K^+^ channel, we introduced three mutations (Q58A, T61S, and R64D). All the channels used in this study carried this Shaker K^+^ channel--mimicking mutation, and thus, we refer to this triple mutant as "WT" herein for simplicity. To immobilize the channel onto a Ni^2+^-coated mica surface ([@R41], [@R55]), a hexahistidine tag was introduced at the C terminus (as residues 126 to 131). AgTx2 and DMPC were purchased from Smartox Biotechnology (Saint-Egrève, France) and Avanti Polar Lipids (Alabaster, Alabama), respectively.

HS-AFM observations
-------------------

The KcsA channels were reconstituted into DMPC bilayers on a mica substrate with their extracellular surface facing outward, using a previously developed method ([@R41]). To suppress lateral diffusion of the channels, we attached the channels to the mica surface through a Ni^2+^--His-tag interaction. First, the mica surface was covered with 0.5 M NiCl~2~ solution for 5 min and rinsed with pure water to coat the surface with Ni^2+^ ([@R55]). Second, the addition of solubilized channel (10 μg/ml in 10 mM Hepes, 2 M KCl, and 0.06% DDM) onto the Ni^2+^-coated surface for 5 min provided a channel-decorated surface. Last, DMPC liposome solution (50 μg/ml) containing 120 μM DDM was applied to the channel-decorated surface to reconstitute the channel into the bilayer with the toxin-binding site exposed. The imaging buffer was 10 mM Hepes (pH 7.5) and 100 or 200 mM KCl (see figure legends). We used AFM data with 100 mM KCl only in [Fig. 2](#F2){ref-type="fig"} because a low KCl concentration results in a slower dissociation rate. A typical example of the binding transition was observed. AgTx2 was added to the imaging buffer in the concentration range from 10 to 1000 nM. All experiments were performed at 25°C under equilibrium conditions, that is, more than 10 min after AgTx2 application. We confirmed that the system was at equilibrium using surface plasmon resonance measurements. For HS-AFM observations, a laboratory-built HS-AFM was used ([@R30], [@R31]). The cantilever used was AC7 (Olympus Co., Tokyo, Japan) with an electron beam deposition tip. The typical resonant frequency and quality factor in water of AC7 are 700 kHz and 2, respectively.

Extraction of the height transition from HS-AFM data
----------------------------------------------------

We extracted height transitions using a self-written program based on Igor Pro (Wavemetrics Inc.). First, lateral displacement of the channels due to thermal drift was compensated for using an image correlation algorithm, and then the average height around the center of the extracellular surface (approximately 20 pixels, corresponding to approximately 0.6 nm^2^) of the channel was measured. We used height transitions from 86 channels for the analysis. Baseline fluctuations in the raw data were removed (fig. S8) according to the calculations detailed in the Supplementary Materials.

Event-oriented analysis
-----------------------

Time series of AFM measurements, *h*(*t*), were assigned to two hypothesized states---AgTx2-bound and AgTx2-unbound---according to the AFM surface height threshold. Hence, two transitions (events) were observed: from bound to unbound and from unbound to bound. Instead of the previous analyses using autocorrelation function and dwell time ([@R56], [@R57]), the event-oriented analysis for determining the time course of *P*~bound~(Δ*t*) was applied to the HS-AFM measurements and the bound-unbound transitions were observed at 20 nM. First, *f*~bound~(*h*; Δ*t*) was defined as the distribution of the height from the moment of AgTx2 binding, where Δ*t* is the time from the moment of binding; that is, Δ*t* is zero when AgTx2 binds. All binding events were collected from the measurements to evaluate *f*~bound~(*h*; Δ*t*); that is, *f*~bound~(*h*; Δ*t*) represents an ensemble average of trajectories of height. The number of binding events in our dataset was 6514. Then, *P*~bound~ was estimated using the following equation$$P_{\text{bound}}(\Delta t) = \int_{h_{\text{thre}}}^{\infty}f_{\text{bound}}(h;\Delta t)\mathit{dh}$$

Similarly, another time course of the binding probability *P*~unbound~(Δ*t*) was defined, in which Δ*t* is the time from the moment of dissociation. We used this description for subsequent equations in this section and described *P*~unbound~(Δ*t*) as "*P*~bound~(Δ*t*) from dissociation" in the remaining text and figures. The number of dissociation events was 6511. Neither *P*~bound~(Δ*t*) nor *P*~unbound~(Δ*t*) were single-exponential events, as described in the text earlier, indicating the presence of more than two states in the system. To clarify this phenomenon, a persistence time in a state was introduced, *t*~persist~, which is the time spent in the bound or unbound state without transition. Here, *P*~bound~(Δ*t*; *t*~persist~) was defined as follows$$P_{\text{bound}}(\Delta t;t_{\text{persist}}) = \int_{h_{\text{thre}}}^{\infty}f_{\text{bound}}(h;\Delta t;t_{\text{persist}})\mathit{dh}$$

Here, Δ*t* is the time after the persistent residence in a state. Thus, *P*~bound~(Δ*t*; *t*~persist~) is closely related to a three-time correlation function, which is known to be a powerful tool to reveal the detailed dynamics of complicated systems, such as biomolecules ([@R57]--[@R60]). *P*~unbound~(Δ*t*; *t*~persist~) was defined in the same manner.

Estimation of rate constants
----------------------------

According to the event-oriented analysis, there are two conformational states in the channel: high- and low-affinity states, denoted as C~H~ and C~L~, respectively. Considering the binding of AgTx2, four states were expected to exist: C~H~ (state 1; this numbering was used in the mathematical treatment below), C~L~ (state 2), C~H~Tx (state 3), and C~L~Tx (state 4) ([Fig. 4A](#F4){ref-type="fig"}). The four-state model was also supported by the conventional dwell time analysis, in which both bound and unbound dwell time distribution could be fitted by double-exponential functions (fig. S2, A and B). (A three-state kinetic model was also tested but did not successfully reproduce the measurements: In particular, the model could not reproduce a sudden decrease of *P*~bound~ when *t*~persist~ = 0 s in [Fig. 3E](#F3){ref-type="fig"} since the model lacks C~L~Tx.) The rate from state *i* to *j* is denoted by *k~ij~*. The time courses of the probabilities of states were calculated by solving the following simultaneous differential equation$$\begin{matrix}
{\frac{\mathit{dP}_{1}}{\mathit{dt}} = - (k_{12} + k_{13}\lbrack\text{AgTx}2\rbrack)P_{1} + k_{21}P_{2} + k_{31}P_{3}} \\
{\frac{\mathit{dP}_{2}}{\mathit{dt}} = k_{12}P_{1} - (k_{21} + k_{24}\lbrack\text{AgTx}2\rbrack)P_{2} + k_{42}P_{4}} \\
{\frac{\mathit{dP}_{3}}{\mathit{dt}} = k_{13}\lbrack\text{AgTx}2\rbrack P_{1} - (k_{31} + k_{34})P_{3} + k_{43}P_{4}} \\
{\frac{\mathit{dP}_{4}}{\mathit{dt}} = k_{24}\lbrack\text{AgTx}2\rbrack P_{2} + k_{34}P_{3} - (k_{42} + k_{43})P_{4}} \\
\end{matrix}$$where *P~i~* is the probability of state *i* and $\sum_{i = 1}^{4}P_{i} = 1$. Two transitions describing AgTx2 binding (state 1 → 3 and 2 → 4) were considered to be proportional to the concentration of the toxin (\[AgTx2\]). Note that among eight rate constants, one is a dependent variable because of the detailed balance, for example, *k*~43~ = *k*~34~*k*~42~*k*~21~*k*~13~/*k*~31~*k*~12~*k*~24~.

To estimate the rate constants, four time courses of binding probability were used to fit simultaneously: *P*~bound~(Δ*t*; *t*~persist~ = 0 s), *P*~bound~(Δ*t*; *t*~persist~ = 1.0 s), *P*~unbound~(Δ*t*; *t*~persist~ = 0 s), and *P*~unbound~(Δ*t*; *t*~persist~ = 1.5 s). *P*~bound~(Δ*t*; *t*~persist~) did not greatly alter *t*~persist~ \> 1.0 s, and *P*~unbound~(Δ*t*; *t*~persist~) did not greatly change *t*~persist~ \> 1.5 s. *P*~3~ plus *P*~4~ \[*P*~3\ +\ 4~(Δ*t*)\] is the binding probability, which is measured by AFM.

The rates were optimized using the least-squares method, in which the following function (*E*) was minimized$$\begin{array}{cl}
{E =} & {\int d(\Delta t)w(\Delta t)({(P_{\text{bound}}(\Delta t;t_{\text{persist}} = 0) - P_{3 + 4}(\Delta t))}^{2}} \\
 & {+ {(P_{\text{bound}}(\Delta t;t_{\text{persist}} = 1.0s) - (s_{1}P_{3 + 4}(\Delta t) + 1 - s_{1}))}^{2}} \\
 & {+ {(P_{\text{unbound}}(\Delta t;t_{\text{persist}} = 0) - P_{3 + 4}(\Delta t))}^{2}} \\
 & {+ {(P_{\text{unbound}}(\Delta t;t_{\text{persist}} = 1.5s) - s_{2}P_{3 + 4}(\Delta t))}^{2})} \\
\end{array}$$where weights *w* of 10 for Δ*t* \< 0.5 s, 2 for 0.5 s ≤ Δ*t* \< 5 s, and 1 otherwise were used to precisely fit the sudden changes on the short time scale. In addition, two scaling parameters (*s*~1~ = 0.9 and *s*~2~ = 0.75) were used to determine the best fit. These four curves were fitted by solving the above simultaneous differential equations with different initial conditions of the probability: *P*~bound~(Δ*t*; *t*~persist~ = 0 s) was calculated by setting *P*~4~(0) = 0.65 and *P*~3~(0) = 0.35. *P*~bound~(Δ*t*; *t*~persist~ = 1.0 s) was calculated by setting *P*~3~(0) = 1, assuming all channels adopt a high-affinity state if a long time passes after the binding of AgTx2. Similarly, *P*~unbound~(Δ*t*; *t*~persist~ = 1.5 s) was calculated by setting *P*~2~(0) = 1, assuming that all channels adopt a low-affinity state if a long time passes after the dissociation of AgTx2. *P*~unbound~(Δ*t*; *t*~persist~ = 0 s) was calculated by setting *P*~1~(0) = 0.35 and *P*~2~(0) = 0.65. All the rates were limited to less than 100 s^−1^ in the fitting because AFM cannot measure binding events faster than 100 s^−1^; AFM requires at least 10 ms to scan the entire surface of the AgTx2 molecule. The resultant fitted curves, in addition to the measured ones, are shown in fig. S2 (C and D). The rates were evaluated at 20 nM AgTx2 because the largest amount of data was obtained at that concentration.
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Fig. S1. Binding transitions obtained by HS-AFM.

Fig. S2. Dwell time distributions and the fitted time course of *P*~bound~.

Fig. S3. Simulated binding transitions.

Fig. S4. The AgTx2 concentration dependence on *k*~obs~.

Fig. S5. Boltzmann's *H* function.

Fig. S6. Dynamic disorder of binding transitions and correlation of individual *P*~bound~ values and interchannel distance.

Fig. S7. Dwell time distributions obtained by dwell time analysis, event-oriented analysis, and correlation function.

Fig. S8. Removing fluctuations in the baseline.

Movie S1. HS-AFM movie of AgTx2 binding on the KcsA channels.

Movie S2. HS-AFM movie showing dynamic disorder of binding transitions.
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